Abstract: We analyze a silicon reconfigurable feed-forward optical delay line (ODL) composed of cascaded Mach-Zehnder interferometer (MZI) switches and waveguide delay pairs. Optical delay is step-tuned by switching among optical routes with an incremental length difference. The crosstalk caused by limited extinction ratios (ERs) of MZI switches and the waveguide loss restricts the ODL buffering capacity. A method to suppress the crosstalk and hence expand the buffering capacity is proposed by inserting variable optical attenuators (VOAs) between successive MZI switches. A design example shows that a seven-stage ODL without VOAs can delay 8-98 bits with a tuning step of 1 bit for a 40 Gbit/s non-return-to-zero (NRZ) 2 13 À 1 pseudo-random bit sequence (PRBS) optical signal. When VOAs with a 10 dB attenuation ratio are included, the signal-to-crosstalk ratio (SCR) of the output signal is increased by 17 dB on average, making the ODL capable of delaying 8-135 bits at its maximum.
telecommunications and all-optical signal processing. Since optical switches, for example, MachZehnder interferometer (MZI)-based switches in Fig. 1(b) , are not perfect in practice, they cannot have infinite extinction ratio (ER) for the two output ports, which causes the residual signal to interfere with the major one, resulting in inter-symbol crosstalk and thus degrading signal-tocrosstalk ratio (SCR) .
In this paper, we present a silicon reconfigurable feed-forward ODL which employs MZI switches and waveguide delay pairs to realize a step-type tunable optical buffer. We investigate the two main factors that degrade the quality of the output optical signal including the crosstalk resulted from the limited ER of switches and the waveguide propagation loss. We use a 40 Gbit/s non-return-to-zero (NRZ) 2 13 À 1 pseudo-random bit sequence (PRBS) data at 1550 nm wavelength to characterize its transmission performances. SCR and eye diagram are examined for all possible delay combinations. Finally, a method to improve the buffering capacity of the ODL by inserting variable optical attenuators (VOA) to suppress the crosstalk is proposed and analyzed. Fig. 1 shows the schematic of the proposed step-tuning silicon reconfigurable feed-forward ODL. The device consists of N þ 1 cascaded 2 Â 2 MZI switches with p-i-n diodes integrated in one arm for phase tuning. One pair of waveguides with different lengths connects two successive MZIs. The length difference of the waveguides in the next stage is twice the length difference in the previous stage. Upon selecting different routes by control of the MZIs, the signal can experience various time delays. Note that VOAs can be inserted into each waveguide as depicted in Fig. 1(a) to attenuate the residual signal in order to improve the quality of the transmitted signal, as will be discussed later.
Device Structure and Modeling

Working Principle
The transmission of light wave though the ODL can be modeled by the transfer matrix method. The transfer matrix of an N-stage ODL (namely N þ 1 MZIs) is expressed as
where M k and D k represent the transfer matrices of the k th MZI switch and the k th waveguide pair. 
where and are the transmission coefficient and the coupling coefficient of the coupler, respectively ( 2 þ 2 ¼ 1 for lossless coupling), L is the length of the two arms, is the propagation constant of the arm waveguide, Á represents the change of on the active arm and the superscript (m) denotes whether the p-i-n diode is tuned on or off. Note that the magnitudes of A k , B k and C k are equal to 0 or 1 for ideal MZI switches. The transfer matrix D k is given by
where 2 k À1 Ál þ l k and l k are the lengths of the long waveguide and short waveguide on the k th stage, respectively.
T 11 ð!Þ is the transfer function of the ODL, assuming the input port is I 1 of the 1st MZI [denoted in Fig. 1(b) ] and the output port is O 1 of the ðN þ 1Þth MZI. In our following analysis, we will use the signal-flow graph (SFG) to simplify the expression for T 11 ð!Þ so that its physical meaning is more straight-forward. Fig. 2(a) is the equivalent SFG for D k Á M k (the dashed lines weighted 1 are only auxiliary routes to make the signal flow clear). We can transform Fig. 2 (a) equivalently into Fig. 2(b) . In such a way, the SFG for the entire device can be drawn as Fig. 2(c) . Note that Fig. 2 (c) has a similar structure to a binary tree, and has 2 N routes from the input to the output. In practice, the MZI cannot have an infinite ER for the two output ports. When the split light does not perfectly interfere in the MZI, parts of the energy will be lost from the main path and coupled into the other path. In our cascaded feedforward ODL, the lost energy will be coupled back and interfere with the main one in the next MZI switch, resulting in crosstalk. The crosstalk accumulates in the following MZIs and eventually deteriorates the signal. Assume that the red line in Fig. 2(c) is the main route that the signal passes and then the remained 2 N À 1 routes are the branches that generate crosstalk. Therefore, T 11 ð!Þ can be expressed as
where S n is the product of A k , B k , and C k ðk ¼ 1; 2; . . . N þ 1Þ, as derived from Fig. 2(c) .
When the residual signal on each branch route is low compared to the main one, the group delay of the ODL can be derived as
where a k is the configuration parameter of the ODL. a k ¼ 1 if the signal propagates through the long waveguide in the k th stage, and a k ¼ 0 if it is through the short waveguide. As a result, the switching states of MZIs are determined by a k . If a k ¼ a k À1 , the k th MZI is in the Bbar[ state, otherwise in the Bcross[ state. The assumption of low residual signal in Eq. (5) is necessary, since the group delay of ODL will become meaningless if the signal is submerged in the crosstalk. Therefore, we can deduce from Eq. (5) that the delay range of the ODL is
and the ODL is discretely tunable with a delay step equal to
where n g are the group refractive index of the waveguide.
MZI Switch
To analyze the SCR of the output signal, it is necessary to investigate the cause of the crosstalk, i.e., the limited ER of MZI. The limited ER of a 2 Â 2 MZI origins from the imbalance of optical power in the two arms, uneven splitting ratio of the couplers, and the phase errors in the two arms. The power imbalance may come from the unequal propagation loss between the two arms. For silicon MZI switches using free-carrier plasma dispersion (FCD) effect, there is an inherent power imbalance fact because the free-carrier absorption (FCA) always accompanies the refractive index change. We will firstly analyze the influence of phase tuning on ERs of MZI and then take other factors into account.
To utilize the FCD effect, p-i-n diodes are embedded in one of the MZI arms for electrical phase tuning. Such a p-i-n diode based phase shifter has been widely demonstrated as a reliable and promising component in a variety of devices and chips [22] - [24] . Fig. 1(b) shows the 3-D perspective view of the tunable MZI switch unit. It consists of two balanced arms and two 2 Â 2 3-dB 0 z couplers in the input and output ends. With the FCA loss taken into consideration, the ERs of the output ports of a single-arm-modulated MZI are derived from Eq. (2) 
Here, L is the arm length which assures ReðÁ m ÞL equal to . Á m is a carrier-concentration dependent perturbation of the propagation constant , which is given by
ReðÁ m Þ and ImðÁ m Þ are related to the change of refractive index ðÁnÞ and absorption coefficient ðÁÞ, respectively. Fig. 1(c) is the cross-sectional view of the phase shifter. Under a forward-bias, free carriers are injected into the waveguide region, inducing changes in both Án and Á. Useful empirical expressions for Án and Á in silicon at 1550 nm were quantified by Soref and Bennett as [25] Án ¼ À 8:
where ÁN e and ÁN h are the change of electron and hole densities in the waveguide, respectively. The effective refractive index change and the effective absorption coefficient change are calculated through the overlap integral with the optical mode as [26] Án eff ¼
where E ðx ; y Þ is the mode electric field cross-sectional distribution. We employ a 2D simulation package ATLAS from SILVACO to calculate the carrier distribution in the p-i-n diode under a forward-bias. The waveguide width is 500 nm and the height is 220 nm with a 60 nm slab left to form lateral p-i-n diode. Both the heavily doped pþ and the nþ regions have a doping concentration of 10 20 cm À3 for ohmic contact. Both the doping regions are separated by 500 nm from the waveguide sidewall to ensure low FCA loss. Fig. 3(a) depicts the simulation results of the cross-sectional electron distribution under 0 V, 0.5 V, and 0.8 V. Fig. 3(b) illustrates the effective refractive index and absorption coefficient change as a function of forward-bias voltage. Both Án eff (absolute value) and Á eff increase rapidly once the p-i-n diode is tuned on after $0.7 V, which implies a tradeoff between the phase shift and the absorption loss. Fig. 3(c) shows the ERs at the two output ports resulted from the FCA. The arm length is varied from 200 m to 3.7 mm, which corresponds to a -phase shift voltage V from 0.95 V to 0.76 V. Note that ER 2 is much smaller than ER 1 because the optical power cannot be totally switched off after -phase shift due to the FCA.
With additional factors including uneven splitting ratio of the couplers and phase errors in the arms taken into consideration, the ERs can be modified as 
where Á eff and Á m eff are the overall transmission loss coefficient difference (including scattering loss, bending loss) of the active arm relative to the passive arm under zero and forward-bias, respectively, and is the fixed phase difference (phase error) between the MZI arms. Fig. 3(d) shows the ERs when the uneven splitting ratio or the phase error is considered in addition to the FCA loss. The upper two lines (grouped as 1 ) are the ERs with a power coupling ratio ð 2 Þ equal to 0.474 and the lower two lines (grouped as 2 ) are the ERs with a phase error equal to 20 . Comparing these curves, we can conclude that ER 1 is sensitive to both the power splitting ratio of the couplers and the phase errors in the two arms, and ER 2 is mainly affected by the difference in waveguide propagation loss between passive and active arms (caused by the FCA loss).
Waveguide Loss
Long length waveguides are needed to achieve a large delay and hence waveguide propagation loss has to be taken into account in designing the feed-forward ODL. The waveguide propagation loss has two effects: firstly, it leads to the attenuation of the delayed optical signal; secondly, since each pair of waveguides have different lengths, the main and residual signals experience different attenuation, which changes the SCR.
The passive waveguide propagation loss includes scattering loss and bending loss. The scattering loss comes from the imperfect fabrication of the waveguide. According to the theory of Payne and Lacey, the surface roughness should be within 1 nm to get G 1.0 dB/cm scattering loss [27] . Waveguide bending, which is necessary to make device compact, causes radiation loss but usually can be suppressed to G 0:1 dB=90 with a proper bending radius. The submicron silicon-on-insulator (SOI) waveguides fabricated by regular fabrication process have propagation loss of 2.0-3.6 dB/cm [28] , [29] . SOI waveguides with less than 1.0 dB/cm loss have also been demonstrated in the literature. Several groups have reported shallow-ridge or thin silicon waveguides with 0.3-1.0 dB/cm loss based on a selective oxidation fabrication technique [30] - [33] . Therefore, it is reasonable to assume 1.0 dB/cm average waveguide propagation loss in our ODL.
Simulation Results
We assume the reconfigured feed-forward ODL is composed of 7 stages of waveguide pairs connected by 8 MZI switches. The length difference of the waveguide pair in the k th stage is 2 k À1 Â 1:765 mm, and the short waveguide in each stage is 1 mm. The waveguide is estimated to have an average loss of 1.0 dB/cm and a group index of 4.25 [34] . Therefore, the ODL is discretely tunable with a 25 ps delay step. The MZI has an arm length of 0.89 mm with a -phase shift voltage V ffi 0:86 V. Each MZI is supposed to have a 20 phase error between the two arms and a 0.474 power splitting ratio of the couplers which together lead to an ER $15 dB as analyzed in Section 2.2. The losses for a single MZI in the Bcross[ and Bbar[ states are 0.9 dB and 1.5 dB, respectively including coupling loss, waveguide propagation loss, and FCA loss.
We use a 40 Gbit/s NRZ 2 13 À 1 PRBS optical signal at 1550 nm as the input signal to characterize the performance of the proposed ODL. The device can be configured to delay from 8 to 135 bits (1 bit equal to 25 ps) according to Eqs. (6)- (8) . The linewidth of the laser light source is assumed to be 10 MHz. The coherence length is calculated to be L ¼ c=ðn Si Áf Þ ¼ 8:77 m. Since the maximum route length of the ODL is 23.82 cm within the coherence length, it makes sense to calculate the crosstalk based on the interference of different routes. The optical bandwidth of the device is mainly limited by the wavelength dependence of the 3-dB couplers in the MZI switches. However, the switch bandwidth can be up to 100 nm by carefully designing the couplers or using multimode interference (MMI) couplers [22] - [24] . On the other hand, since the optical bandwidth of the 40 Gbit/s NRZ signal is G 1 nm, it is reasonable to assume constant switching ratio across the signal bandwidth. Fig. 4 is the simulation setup for the ODL. The modulated optical signal is split into two paths and transmitted to two ODLs with VOAs and without VOAs, respectively. The VOAs are assumed to have infinite attenuation so that all the residual signals are get rid of. Hence, the bottom path only contains the pure delayed optical signal with no crosstalk. After they propagate through the ODLs, the optical signals are converted back to the electrical domain by using photodiodes (PD). The signals from the two paths are subtracted to extract the crosstalk. There is no additional system noise in the simulation, so the SCR reflects exactly the influence of the non-ideal MZI switches and waveguide loss on the output signal. Fig. 5 (a) depicts the SCR for every possible delay (8-135 bits) of the device. Overall, the SCR decreases with an increasing delay, because the longer the delay is, the more propagation loss the signal suffers. Point 1 (delay 14 bits) in Fig. 5(a) has the largest SCR with a clear open eye diagram. Interestingly, the SCR has a sudden drop for certain delays such as points 2-5 (delay 15, 23, 38, and 71 bits, respectively). Those delays are around ð2 k À1 À 1ÞÁt þ t min , which is most likely due to the constructive interference of the residual signals in the branching routes. For points after 102 bits, a dramatic decrease of SCR occurs. This is because the signal is switched to the two longest waveguides to get more than 104 bits delay ð104 ¼ 2 7À1 þ 2 6À1 þ 8Þ and thus it suffers a significant loss. The small SCR for points 7-9 (102, 115, and 135 bits) indicates the signal is totally submerged in the crosstalk with closed eye diagrams. It is impossible to recover the information from the delayed signal under such delay configurations, which thus implies that the device cannot reach its default maximum capacity. The eye diagram of point 6 (98 bit) is about to close (point 7 has a closed eye diagram), which implies that the buffering capacity of the ODL is 8-98 bits via 91 delay channels.
The simulation result reveals the ODL is limited by the crosstalk and waveguide loss. Accordingly, we can improve the performance of the ODL from two aspects. First approach is to increase the ER of the switch to reduce the crosstalk. Second one is to use low loss waveguide to reduce the signal attenuation. Both of these approaches impose a great challenge to the device design and fabrication. 
Improvement Using VOAs
We propose to use p-i-n diode based silicon VOAs to eliminate the crosstalk and improve the delay performance. The VOAs are inserted into the waveguides in between each adjacent MZIs as shown in Fig. 1(a) . For example, if we add VOAs to the waveguide pair at the first stage, the unwanted residual signal generated by the first MZI can be eliminated. Because of the intrinsic binary structure of the ODL [see Fig. 2(c) ], the crosstalk caused by the following branch routes are completely removed. The configuration of the VOA is similar to the phase shifters in MZIs as shown in Fig. 1 (c) [35] . The only difference is that it relies on the FCA to attenuate optical signal. VOAs with less than 1 mm length have been reported in the literature [36] , which can be fit into the shortest waveguide in our ODL. Fig. 5(b) shows the simulation result by inserting VOAs in the ODL. Each VOA is supposed to have 10 dB attenuation and the eye diagrams at points 1-9 in Fig. 5(a) are illustrated as comparison. The SCR is increased 17 dB on average. The SCR in long delay routes is 10 dB less than the others but still has a minimum 19 dB. Compared with the eye diagrams in Fig. 5(a) , the signal quality is considerably improved by suppression of the crosstalk and the buffering capacity is increased to its full capability, which demonstrates the effectiveness of using VOAs to improve the ODL performance.
Discussion
Based on the above analysis and simulation, it is possible to fabricate the feed-forward reconfigurable ODL using standard complementary metal-oxide-semiconductor (CMOS) compatible processes [37] . The waveguides in the ODL can be fabricated using deep ultra-violet (DUV) photolithography and plasma dry etched on a SOI wafer. The lateral p-i-n diode can be formed by boron and phosphorus ion implantation in the slab layer beside the waveguide. Finally, aluminum sputtering and patterning can be done to form metal connection.
For a 1-mm-long MZI switch, a low forward bias (e.g., 1 V) is enough to cause a -phase shift and change the switch from Bcross[ to Bbar[ state, and the power consumption to switch the state is G 5 mW [22] - [24] . For a 1-mm-long VOA, a higher forward bias (e.g., 1.5 V) is needed to generate 9 10 dB attenuation. The corresponding power consumption per VOA is typically around 40 mW [36] . Therefore, the total power dissipation of our seven-stage ODL is G 40 mW without VOAs and G 320 mW with the addition of VOAs in the worst case.
In practical design, the long waveguides in our ODL need to bend to fit into a small device area. The spacing between waveguides is limited by the active doping width. With a conservative estimation, the waveguide spacing is 20 m, and hence, the device footprint is G 10 mm 2 . Table 1 compares our proposed reconfigurable feed-forward ODL with several typical state-ofthe-art integrated optical buffers including side-coupled integrated spaced sequence of resonator (SCISSOR), coupled-resonator optical waveguide (CROW), photonic crystal waveguide (PhCW), and feed-back ODL. Note that the maximum delay of the SCISSOR and CROW structures is TABLE 1 Comparison of various integrated optical buffer schemes measured at 10 Gbit/s, while the other three are measured at 40 Gbit/s. A tradeoff between delay and bandwidth should be taken into consideration for CRS optical buffers, while the key merit of ODL lies in the broadband operation due to its non-resonance structure. Overall, the proposed feedforward ODL is expected to have a good balance among various aspects of performance.
Conclusion
We proposed and theoretically analyzed a silicon reconfigurable feed-forward ODL to achieve steptype tunable optical delay. The ODL is composed of MZI switches and waveguide delay pairs with an incremental length difference. Major factors that degrade the buffered optical signal and restrict the buffering capacity include crosstalk induced by the limited ER of MZI switches and the waveguide loss. We used a 40 Gbit/s NRZ 2 13 À 1 PRBS optical signal to analyze the signal quality after ODL. Simulation results reveal that the SCR deteriorates significantly for large delays. Eye diagram shows that the buffering capacity of the ODL is 8-98 bits by using 91 delay channels. To improve the delayed signal quality, we proposed to insert VOAs at each delay stage to eliminate residual signals that causes crosstalk. The SCR is increased 17 dB on average by using VOAs with 10 dB attenuation, and the buffering capacity of the ODL is expanded to 8-135 bits at its maximum.
